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Compared with human immunodeficiency virus type 1 (HIV-1), little is known about the susceptibility of HIV-2 to antibody
neutralization. We characterized the potency and breadth of neutralizing antibody (NAb) responses in 64 subjects chronically
infected with HIV-2 against three primary HIV-2 strains: HIV-27312A, HIV-2ST, and HIV-2UC1. Surprisingly, we observed in a
single-cycle JC53bl-13/TZM-bl virus entry assay median reciprocal 50% inhibitory concentration (IC50) NAb titers of 1.7 � 105,
2.8 � 104, and 3.3 � 104, respectively. A subset of 5 patient plasma samples tested against a larger panel of 17 HIV-2 strains
where the extracellular gp160 domain was substituted into the HIV-27312A proviral backbone showed potent neutralization of all
but 4 viruses. The specificity of antibody neutralization was confirmed using IgG purified from patient plasma, HIV-2 Envs
cloned by single-genome amplification, viruses grown in human CD4� T cells and tested for neutralization sensitivity on human
CD4� T target cells, and, as negative controls, env-minus viruses pseudotyped with HIV-1, vesicular stomatitis virus, or murine
leukemia virus Env glycoproteins. Human monoclonal antibodies (MAbs) specific for HIV-2 V3 (6.10F), V4 (1.7A), CD4 binding
site (CD4bs; 6.10B), CD4 induced (CD4i; 1.4H), and membrane-proximal external region (MPER; 4E10) epitopes potently neu-
tralized the majority of 32 HIV-2 strains bearing Envs from 13 subjects. Patient antibodies competed with V3, V4, and CD4bs
MAbs for binding to monomeric HIV-2 gp120 at titers that correlated significantly with NAb titers. HIV-2 MPER antibodies did
not contribute to neutralization breadth or potency. These findings indicate that HIV-2 Env is highly immunogenic in natural
infection, that high-titer broadly neutralizing antibodies are commonly elicited, and that unlike HIV-1, native HIV-2 Env trim-
ers expose multiple broadly cross-reactive epitopes readily accessible to NAbs.

The contribution of neutralizing antibodies (NAbs) to virus
containment in humans infected with human immunodefi-

ciency virus type 1 (HIV-1) or HIV-2 remains an important ques-
tion (31, 35, 38, 42, 45, 52, 58, 59, 61). Such information could
inform our understanding of virus natural history and disease
pathogenesis and contribute importantly to rational vaccine de-
sign. HIV-2, which resulted from cross-species transmission of
simian immunodeficiency virus (SIV) from sooty mangabeys
(SIVsmm) to humans (18, 25, 33), can cause AIDS but is generally
far less pathogenic than HIV-1 (reviewed in references 16 and 40).
Moreover, while HIV-1 continues to expand globally, the inci-
dence of HIV-2 infection is declining (10, 26). Thus, while HIV-2
is dwarfed by HIV-1 in public health impact, the genetic and bio-
logical similarities of HIV-2 to HIV-1 and to SIVsmm and rhesus
macaque SIV (SIVmac) make HIV-2 a potentially important virus
for correlative studies of HIV natural history, pathogenesis, and
prevention. In this respect, it is important to elucidate the immu-
nogenicity and neutralization sensitivity of primary HIV-2 strains
in order to better understand HIV-2 persistence and pathogenesis
in humans and how HIV-2 relates to HIV-1 and to SIVsmm/
SIVmac in the rhesus macaque model of virus transmission,
pathogenesis, and vaccine protection (16, 40, 46).

Compared with HIV-1, less is known about the susceptibility
of HIV-2 to antibody neutralization in natural human infection.
Previous HIV-2 neutralization studies often employed
laboratory-adapted virus strains and assay formats that differed
from those commonly used to assess HIV-1 NAbs (4, 45, 52, 56,
59). For example, the single-cycle virus entry assay in JC53bl-13/

TZM-bl cells (58) or U87 cells (42) has generally not been used in
a comparable assay format to assess HIV-2 NAbs (4, 52, 56, 59).
An exception is a study by Rodriguez and colleagues, which em-
ployed an HIV-2 Env-pseudotyped HIV-1 (NL4.3) backbone and
U87 target cells (45). This study used bulk PCR amplification to
generate a quasispecies mixture of Env glycoproteins for neutral-
ization testing. Other studies employed syncytium formation
(59), plaque formation (52), or peripheral blood mononuclear
cell (PBMC) replication (4, 56) as the readout of virus entry. These
widely varied approaches have made comparative evaluations of
HIV-2 and HIV-1 NAb responses challenging. With this caveat,
previous studies have suggested that HIV-2 infection elicited
NAbs that were similar to or less than HIV-1 NAbs in their po-
tency and equivalent or greater in their breadth of reactivity
against primary, non-T-cell-line-adapted viruses (4, 45, 52, 56,
59). In addition, unlike HIV-1, where many of the epitopes rec-
ognized by autologous (strain-specific) and heterologous re-
sponses have been mapped (38, 50), the epitope regions that are
targeted by NAbs in HIV-2 infection remain largely unknown.
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In the present study, we employed a coordinated strategy for
identifying accessible NAb epitopes on functional Env trimers of
primary HIV-2 strains, for determining the immunogenicity of
the HIV-2 Env glycoprotein in natural infection, and for assessing
the neutralization sensitivity of primary HIV-2 strains to poly-
clonal and monoclonal antibodies from HIV-2-infected subjects.
First, we used conventional amplification approaches to clone
full-length and env-only viral DNA from patient PBMCs. We also
performed single-genome amplification (SGA) and sequencing
(27) to identify and clone env sequences from plasma viral RNA
(vRNA). Second, we employed the JC53bl-13/TZM-bl cell single-
cycle virus entry assay (58), in addition to more traditional PBMC
(purified CD4� T-cell) virus replication assays (64), to assess an-
tibody neutralization of HIV-2 clones, env chimeras, and Env
pseudotypes, in each case in the context of an HIV-2 backbone.
Third, we created an HIV-1 gp160 env chimera into which we
substituted the HIV-2 membrane-proximal external region
(MPER) in order to test HIV-2-infected sera for HIV-2 MPER-
specific NAbs, analogous to our previously described method for
detecting HIV-1 MPER-specific NAbs (3, 11, 12, 23, 24). Fourth,
we used a panel of human monoclonal antibodies (MAbs) specific
for the V3, V4, CD4 binding site (CD4bs), CD4-induced (CD4i),
and MPER epitopes of HIV-2 Env to probe the accessibility of
these epitope regions to NAbs. Surprisingly, we observed potent
and broad NAb responses to primary strains of HIV-2 in multiple
assay formats and found that HIV-2 polyclonal and monoclonal
antibodies target epitopes in V3, V4, CD4bs, and CD4i regions on
the envelope glycoprotein. Interestingly, although HIV-2 MPER
epitopes were accessible to monoclonal NAbs, naturally occurring
anti-MPER NAbs in HIV-2-infected subjects were absent or of
low titer. Potential implications of these findings for HIV-2 natu-
ral history and for interpreting antibody neutralization in the
SIVsmm and SIVmac infection model are discussed.

MATERIALS AND METHODS
Study subjects. Plasma or serum samples were obtained from 64 antiret-
rovirus therapy-naive subjects chronically infected with HIV-2 (see Table
S1 in the supplemental material). These included samples from 52 Sene-
galese subjects enrolled between 1994 and 2004 (22, 63), 1 Ivory Coast
subject (samples 7312Apl1992 and 7312Apl2003) (20), 6 source plasma
donors whose country of origin was unknown (samples 8704Apl2006
and 8704Apl2007, 7810Apl1993, 7924Apl, 60667Kpl, 10849pl1995, and
SLRHCNo.10pl1995), and 5 subjects from the NIH AIDS Research and
Reference Reagent Program (1026se, Ivory Coast; 1030se, Senegal; 1032se,
Ivory Coast; 1495se, Senegal; and 3660se, Guinea Bissau). HIV-1 clade
B-infected plasma samples (SHROpl, BELIpl, FAROpl, PUMApl, and
YOALpl) from chronically infected patients were obtained from the
University of Alabama at Birmingham Center for AIDS Research HIV/
AIDS tissue repository (39). HIV-1 clade C-infected plasma samples
(8238Mpl, 5731Mpl, 7510Fpl, 5708Mpl, and 6765Mpl) were collected
from chronically infected patients in Zambia. All samples were col-
lected after obtaining informed consent and with regulatory approval
and stored at �70°C. Before use, plasma and serum samples were heat
inactivated at 56°C for 30 min.

Neutralization assays. (i) JC53bl-13/TZM-bl single-cycle virus entry
assay. Virus neutralization by plasma, sera, and MAbs was assessed on
TZM-bl cells as described previously (11, 58). TZM-bl cells were seeded
and cultured in 96-well plates for 24 h. The virus stocks were diluted in
Dulbecco’s modified Eagle medium containing 10% fetal bovine serum
(FBS) and 80 �g/ml DEAE-dextran (Sigma-Aldrich, St. Louis, MO) to
achieve 5 � 104 relative light units (RLU)/well. Equal-volume virus dilu-
tions and 5-fold serially diluted plasma samples or MAbs were mixed and

incubated at 37°C for 1 h. The supernatants were then removed from each
well, and 100 �l virus-plasma mixture was added back. Luciferase activity
was measured after 48 h of incubation at 37°C with 5% CO2. Medium-
only control wells were measured as background, and virus-only control
wells were included as 100% infection. For neutralization by plasma or
serum samples, the concentrations of plasma or serum in all wells were
normalized by the addition of plasma from healthy humans as described
previously (11).

(ii) PBMC (purified CD4� T cell) multicycle infectivity assay. Hu-
man blood samples collected from healthy HIV-negative individuals (Re-
search Blood Components, Boston, MA) were processed for PBMC iso-
lation by gradient centrifugation by Ficoll-Hypaque Plus (GE Healthcare,
Piscataway, NJ). We then purified CD4� T cells from PBMCs using au-
toMACS and magnetic anti-human CD4 microbeads (Miltenyi Biotec,
Auburn, CA). Purified CD4� cells were activated by incubation in RPMI
1640 medium plus 15% FBS containing 3 �g/ml of staphylococcal entero-
toxin B (SEB; Sigma-Aldridge) for 48 h at 37°C. Detailed protocols for cell
isolation and activation were described previously (14). Activated CD4�

lymphocytes were cultured in complete medium (RPMI 1640 medium
plus 15% FBS with 30 U/ml of interleukin-2; Roche Diagnostics). Neu-
tralization assays were usually performed within 3 to 4 days after SEB
activation. HIV-2-infected patient plasma samples were 5-fold serially
diluted with RPMI 1640 medium and mixed with concentrated CD4�

lymphocyte-grown virus stocks (1 � 105 IU; multiplicity of infection
[MOI] � 0.1) in a final volume of 25 �l. The starting dilution of patient
plasma samples in the virus-plasma mixture was 1:100. Plasma samples
from healthy humans were added into other wells, including a virus-only
control (no patient plasma added), to normalize the concentration of
human plasma samples. The virus-plasma mixtures were then incubated
at 37°C with 5% CO2 for 1 h. After incubation, 1 � 106 SEB-activated
CD4� lymphocytes in 25 �l RPMI 1640 medium plus 15% FBS were
combined with the virus-plasma mixture for an additional 2 h of incuba-
tion. After infection, cells were washed carefully 6 times to eliminate the
viral inoculum, resuspended into 500 �l RPMI 1640 medium plus 15%
FBS, equally separated into duplicate wells (250 �l/well) in a 96-well tissue
culture plate, and incubated at 37°C with 5% CO2. Twenty-five microli-
ters supernatants was taken for p27 measurement, and the same volume of
RPMI 1640 medium plus 15% FBS was added back at 3, 4, and 5 days
postinfection (dpi). The supernatants from virus-only control wells were
first analyzed by SIV p27 antigen enzyme-linked immunosorbent assay
(ELISA; Zeptometrix Corporation, Buffalo, NY) to determine the earliest
time point with sufficient virus growth. Samples from that time point
were then measured for p27 concentration to determine neutralization.

Viruses and Env targets of neutralization. (i) Infectious stocks of
primary HIV-2 strains. Infectious stocks of primary HIV-2 strains were
produced in 293T cells by transfection with molecular clones of HIV-
27312A, HIV-2ST, and HIV-2UC1 and by infection and productive replica-
tion in CD4� T cells. To generate 293T-grown virus stocks, HIV-2 provi-
ral clones pJK7312A and pSTsxb1 were transfected into 293T cells using
Fugene 6 (Roche Applied Science, Indianapolis, IN) as described previ-
ously (13). The HIV-2UC1 env expression construct pSM-UC1 was
cotransfected into 293T cells with HIV-2 backbone construct
pJK7312A�Env. To generate PBMC-grown virus stocks, human CD4�

lymphocytes were isolated, activated, and cultured as described above.
Within 3 to 4 days after SEB activation, 10 � 106 cells were incubated with
293T-grown HIV-27312A and HIV-2ST at a high MOI (0.5 or 1, based on
�-galactosidase production-based titers on TZM-bl cells) in a small vol-
ume (�2 ml) for 2 h at 37°C, washed three times to remove inocula, and
then cultured in complete medium at a concentration of 1 � 106 cells/ml.
Starting from 3 dpi, medium was changed by low-speed centrifugation
(1,200 rpm, 8 min) every 2 days until 12 dpi. The supernatants were
collected, centrifuged at 3,000 rpm for 20 min, aliquoted, and stored at
�80°C for future titration and infection. For CD4� T-cell-based multi-
cycle infectivity assay, the supernatants were concentrated up to 100-fold
by sucrose gradient ultracentrifugation.
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(ii) Chimeric viruses with HIV-2 Env ectodomain in an HIV-27312A

backbone grown in 293T cells. Vector p7/SNAG was created by introduc-
ing two restriction sites, SnaB1 and AgeI, into the proviral DNA clone
pJK7312A through synonymous mutation using a QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA). The SnaB1 and AgeI
restriction sites are located 72 bp and 2,187 bp downstream of the starting
ATG of env, respectively. The ectodomains of 17 HIV-2 env genes were
amplified from PBMC DNA or plasma from 9 HIV-2-infected patients
using primers SnaB1-F (5=-CCAAATACGTAACTGTTTTTTATGGC-3=)
and AgeI-R (5=-GAAAACCGGTCTATAGCCCTTTCTAAG-3=). The ect-
odomain of HIV-2MVP15132 (19) was amplified using the same primers.
The PCR fragments were then cloned into p7/SNAG vector using restric-
tion sites SnaB1 and AgeI. The resulting chimera clone, p7/SNAG-
HIV2env, was transfected into 293T cells to generate virus stocks.

(iii) 293T-cell-grown pseudotyped viruses with SGA-derived HIV-2
Envs and HIV-27312A backbone. Three plasma samples (7312Apl1992,
7312Apl2003, and 8704Apl2006) were selected for amplifying HIV-2 rev/
env sequences by SGA (27). The following primer pairs were used for
amplifying 7312A rev/env genes: for reverse transcription (RT; cDNA syn-
thesis), 5=-TGGTTACAGCCCCTTCTGGAAAGTC-3= (primer H2-
NFKB-R); for first-round PCR, H2-NFKB-R and 5=-CGCTTGCTAACT
GCGCTTGG-3= (primer H2-Vpr-F1); and for second-round PCR, 5=-C
GAGCCCTCTTCCTCCACTTCAGAG-3= (primer H2-Tat-F1) and 5=-A
CTGTAAAACATCCCTTCCAGTCCCCC-3= (primer H2-U3-R). For
amplifying 8704Apl2006 rev/env genes, a different forward primer (H2-
Tat-F3, 5=-RTCCTRCAACGAGCCCTCTTC-3=) was used in the second-
round PCR. The rev/env cassettes were then cloned into the pcDNA3.1D/
V5-His-TOPO vector (pcDNA3.1 directional TOPO expression kit;
Invitrogen, Carlsbad, CA) following the manufacturer’s instructions. All
the pcDNA3.1-rev/env expression vectors were cotransfected into 293T
cells with backbone construct pJK7312A�Env.

(iv) 293T-grown primary HIV-1 strains 700010040 (CH40), ZM249,
and TRJO4551. HIV-1 transmitted/founder (T/F) proviral clones
p700010040 and pTRJO4551 were obtained form John Kappes (Univer-
sity of Alabama at Birmingham). HIV-1 T/F proviral clone pZM249 has
been described previously (49). HIV-1 stocks were generated by transfec-
tion of 293T cells.

Virus titration. 293T-grown and human CD4� lymphocyte-grown
viruses were titrated on TZM-bl reporter cells (8129; NIH AIDS Research
and Reference Reagent Program), in which a Tat-inducible luciferase and
�-galactosidase gene cassette are integrated. The infectious titers of virus
stocks were measured on the basis of luciferase and �-galactosidase ex-
pression. The luciferase activity-based titers were measured on 96-well
plates and presented as the number of RLU per �l virus stock, as described
previously (11). The �-galactosidase production-based titers were mea-
sured on 24-well plates and presented as the number of infection events
(�-galactosidase-expressing cell colonies) per �l virus stock (IU/�l), as
described previously (15, 57).

Purification of plasma IgG. IgG was purified from three HIV-2-
infected patient plasma samples (7312Apl2003, SLRHCpl1995, and
10849pl1995) and three healthy human plasma samples (donors B, D, and
J) using protein G columns (Pierce-Thermo Fisher Scientific, Rockford,
IL). IgG purified from 200 �l of each plasma specimen was adjusted to a
final volume of 200 �l. IgG concentration was determined using the bi-
cinchoninic acid protein assay (Pierce-Thermo Fisher Scientific, Rock-
ford, IL).

HIV-1/HIV-2 MPER Env chimeras. The HIV-1/HIV-2 MPER chime-
ric clone pBG1168.1-C1env was made by exchanging the MPER of HIV-
1BG1168.1 Env expression construct pBG1168.1env (D. C. Montefiori,
Duke University) with the HIV-2ST MPER using strategies described pre-
viously (3, 11, 23). To generate virus stocks, pBG1168.1env and
pBG1168.1-C1env were cotransfected into 293T cells with HIV-1 back-
bone construct pSG3�Env (13).

HIV-2 and HIV-1 Env-specific monoclonal antibodies. Human anti-
HIV-2 MAbs 1.7A, 6.10B, 6.10F, 1.4H, and 2.6C have been described

previously (8, 43, 44; R. Kong, J. E. Robinson, and G. M. Shaw, submitted
for publication). MAbs 4E10 and 2F5 (contributed by Hermann Katinger)
were obtained from the NIH AIDS Research and Reference Reagent Pro-
gram.

Phylogenetic analysis. Sequence alignments, diversity analysis, and
neighbor-joining phylogenetic trees were made using the ClustalX (ver-
sion 2.0.12) program.

Competition assay for HIV-2 MAb binding. The competition ELISA
was similar to assays described previously (13). Wells of ELISA plates were
coated with 5 �g/ml human MAb 2.6C, a nonneutralizing MAb that binds
to a conserved epitope of HIV-2 near the N terminus (8). Solubilized
HIV-2ST or HIV-2MVP15132 (19) gp120 glycoproteins produced in 293T
cells by a recombinant vaccinia virus expression vector were captured in
2.6C-coated wells. The plates were then washed and blocked with
phosphate-buffered saline containing 4% whey and 0.5% Tween 20 at
25°C for 30 min. Serially diluted patient sera (starting at 1:50) and controls
were incubated in the wells at 25°C for 1 h. HIV-2 MAbs were biotinylated
as previously described (8), added to the wells at concentrations that gave
less than maximal binding, and incubated for another hour. The color
reaction was developed by sequential incubation with peroxidase-
conjugated streptavidin and tetramethylbenzidine-H2O2. Color develop-
ment was stopped by addition of 1 M phosphoric acid, and the absorbance
was read at an optical density of 450 nm. The serum dilutions that gave
half-maximum effective competition (reciprocal EC50) were calculated.

Plasma HIV-2 vRNA quantification. Plasma HIV-2 vRNA levels were
determined by a modified Amplicor Monitor test method previously de-
scribed (22) and by a validated real-time PCR assay (9, 17).

Glycosylation site analysis. The number of potential N-linked glyco-
sylation sites in the V4 loop regions for a set of HIV-1 and HIV-2 strains
was computed using the N-GlycoSite tool (62). The set of 181 HIV-1
strains was previously described (60), with 3 additional strains (BaL.26,
R2, and Q769.d22) also being included. A total of 31 HIV-2 strains were
used in the analysis (Table 1).

Structure modeling. Structural models of gp120s (without V1V2)
from HIV-2 primary (7312A), HIV-1 primary (YU2), and HIV-1
laboratory-adapted (HXBc2) strains were obtained using the protein with
Protein Data Bank accession number 3JWD (37) as a template. The Gly-
Prot server (5) was used to model basic glycans at accessible potential
N-linked glycosylation sites.

Statistical analysis. Pearson correlation and linear regression analyses
were performed to determine the correlation between plasma neutraliza-
tion titers and competition titers of MAbs for HIV-2 gp120 glycoprotein
binding. A P value of 0.05 was considered significant. A one-tailed paired
t test was performed to compare the plasma neutralization titers (recip-
rocal 50% inhibitory concentration [IC50]) against HIV-27312A and HIV-
2ST in the TZM-bl single-cycle virus entry assay and PBMC multientry
cycle assay. A P value of 0.05 was considered significant.

RESULTS
Plasma or serum from subjects with chronic HIV-2 infection
exhibits broad and potent virus neutralization in TZM-bl cells.
To evaluate the potency and breadth of naturally occurring NAbs
in HIV-2-infected patients, we analyzed in the TZM-bl single-
cycle virus entry assay (51, 58) the neutralizing activities of 64
plasma or serum samples from chronically infected subjects
against three 293T-derived primary HIV-2 strains: HIV-27312A

(group A), HIV-2ST (group A), and HIV-2UC1 (group B). HIV-
27312A and HIV-2ST were generated from infectious molecular
proviral clones and HIV-2UC1 was generated from Env-
pseudotyped virus. Each of the three molecular clones was gener-
ated by conventional lambda phage cloning of viral DNA from
short-term cultures of virus in human PBMCs or CD4�/CCR5�

T-cell lines (1, 18, 29). Previously, we showed that these viruses are
CD4 and CCR5 dependent for entry and that their coreceptor
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binding surfaces are conformationally obscured from antibody
recognition by coreceptor binding MAbs (17b, 21c, E51, 19e) that
have molecularly defined binding specificities for the Env bridging
sheet (13). After pretreatment with subinhibitory concentrations
of soluble CD4 (sCD4), HIV-27312A, HIV-2ST, and HIV-2UC1 be-
came sensitive to neutralization by the same CD4i MAbs (13).
These are features typical of primary, non-T-cell-line-adapted
HIV-2 strains. The maximum diversity of Env protein sequences
among the three HIV-2 strains was 27%. Despite this, all 64
plasma and serum samples potently neutralized all three virus
strains (Fig. 1A). The median and range (in parentheses) of recip-
rocal IC50 neutralization titers against HIV-27312A, HIV-2ST, and
HIV-2UC1 were 1.7 � 105 (6.8 � 103 to 1 � 106), 2.8 � 104 (3.8 �
103 to 3.3 � 105), and 3.3 � 104 (8.1 � 102 to 1 � 106), respec-
tively. These HIV-2 plasma and serum samples failed to neutralize
HIV-1 strains, including HIV-1BG1168.1 (Fig. 1), or viruses pseu-
dotyped with vesicular stomatitis virus (VSV) or murine leukemia
virus (MuLV) Envs (data not shown), indicating the absence of
antiretroviral drugs or nonspecific virus entry-inhibitory activities
in these samples.

We also tested the neutralization of three primary HIV-1
strains representing subtype B (HIV-1CH40 and HIV-1TRJO) or C

(HIV-1ZM249) (49) by plasma from 10 subjects chronically in-
fected by HIV-1, and the results are shown in Fig. 1A. These assays
were done in parallel with the HIV-2 neutralization assay so as to
allow a direct comparison of the neutralization breadth and titers
of HIV-2- and HIV-1-infected plasma samples. In contrast to the
broad and potent neutralization of primary HIV-2 strains by HIV-
2-infected patient plasma samples, none of the 10 HIV-1-infected
patient plasma samples reached a reciprocal IC50 of 100 against
HIV-1 strains, consistent with published reports showing that
most HIV-1-infected sera lack neutralization breadth and potency
against primary HIV-1 strains (51, 58).

To further evaluate the breadth of HIV-2 neutralizing re-
sponses, we tested plasma samples from five HIV-2-infected
donors from whom greater volumes were available against a
much larger panel of HIV-2 Env glycoproteins. For this analy-
sis, 17 env gp160 genes from nine subjects were amplified from
primary PBMC viral DNA and ligated into the HIV-2 proviral
vector p7/SNAG to generate replication-competent provirus,
as described in Materials and Methods. Virus stocks were gen-
erated by transfection of 293T cells. None of these viruses had
been passaged in T-cell lines. All 17 HIV-2 Env protein se-
quences clustered within group A in phylogenetic analyses. The

TABLE 1 Neutralization titers of MAbs against HIV-2 molecularly cloned viruses

HIV-2 strain

IC50 (�g/ml)

1.7A (V4) 6.10F (V3) 6.10B (CD4bs) 1.4H (CD4i) 4E10 (MPER)

ST 0.002 0.004 0.040 0.043 0.343
UC1 0.001 0.011 0.655 0.028 0.591
7312A 0.007 0.007 0.094 0.782 �20
7312A-92-12a 0.001 0.004 0.130 0.028 NDb

7312A-92-15a 0.001 0.007 0.260 0.035 ND
7312A-92-17a 0.001 0.003 0.131 0.022 ND
7312A-92-20a 0.004 0.016 0.095 0.080 ND
7312A-92-21a 0.001 0.005 0.267 0.141 ND
7312A-03-03a 0.001 0.003 0.121 0.019 ND
7312A-03-04a 0.001 0.004 0.029 �10 ND
7312A-03-05a 0.001 0.004 0.071 2.118 ND
7312A-03-07a 0.002 0.007 0.181 0.021 ND
1370/4-5 �10 0.014 0.169 0.117 6.703
1370/4-15 �10 0.011 0.372 0.709 �20
60415K-2 2.885 0.008 0.078 0.016 �20
SLRH4 0.009 0.011 0.063 �10 0.364
SLRH8 0.944 0.039 �10 �10 2.542
226711-11 0.038 0.014 0.104 0.034 0.439
226711-21 0.029 0.025 0.430 0.169 0.226
226711-33 �10 0.055 1.885 �10 9.226
1958/1-32 0.003 0.007 0.140 0.031 8.528
10849 0.015 0.006 0.273 �10 �20
227011-5 �10 0.004 0.077 0.066 24.415
1871/5-5 �10 0.012 0.183 0.038 1.499
1871/5-9 0.005 0.004 0.035 0.137 0.399
1871/5-10 0.008 0.003 0.053 0.043 0.076
8704A-06-01a �10 �10 �10 �10 �20
8704A-06-06a �10 �10 �10 �10 �20
8704A-06-16a �10 �10 �10 �10 �20
8704A-06-23a �10 �10 �10 �10 �20
A2240-3 �10 �10 �10 �10 �20
A2240-12 �10 �10 �10 �10 �20
SIVmac239 �10 �10 �10 �10 ND
a Env clone was generated by SGA.
b ND, not determined.
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neutralization titers of plasma samples from five HIV-2-
infected subjects tested against this virus panel are shown in
Fig. 1B. All five plasma specimens potently neutralized most
virus strains, although four strains (SLRH8, 226711-33,
A2240-3, and A2240-12) were resistant to neutralization by all
five HIV-2-infected plasma samples. Interestingly, both
neutralization-sensitive and -resistant clones were found in
subjects 226711 (226711-11 [sensitive], 226711-21 [sensitive],
and 226711-33 [resistant]) and SLRH (SLRH4 [sensitive] and
SLRH8 [resistant]). Collectively, the results depicted in Fig. 1A
and B indicate that plasma or serum samples from HIV-2-
infected subjects can generally neutralize a broad spectrum of
HIV-2 strains at titers of 1:103 to 1:106, which are 100- to

10,000-fold higher than those for heterologous neutralization
of HIV-1 by most HIV-1-infected patient plasma samples (51).

IgG mediates HIV-2 neutralization. To determine if the ob-
served neutralizing activity was mediated by IgG antibodies, IgG
was purified from three HIV-2-infected patient plasma samples
(7312Apl2003, SLRHCpl1995, and 10849pl1995) and from three
non-HIV-2-infected control subjects (donors B, D, and J) and
tested for neutralizing activity (Fig. 2). To compare the neutraliz-
ing activities of comparable concentrations of purified IgG from
plasma IgG, purified IgG was reconstituted in buffer having the
same volume as the original plasma, and the comparability of the
respective IgG concentrations was confirmed. Neutralization
curves of purified IgG preparations recapitulated those of the cor-

FIG 1 Neutralization of primary HIV-2 and HIV-1 strains by plasma or serum from patients chronically infected by HIV-2 or HIV-1. (A) Neutralization titers
(reciprocal IC50s) of HIV-2-infected patient plasma or serum (n � 64) against primary HIV-2 strains HIV-27312A (group A), HIV-2ST (group A), and HIV-2UC1

(group B) and HIV-1 strain HIV-1BG1168.1. IC50s not reached at a starting dilution of 1:100 or 1:20 are represented as �100 and �20, respectively. Neutralization
titers of 10 clade B (n � 5) or clade C (n � 5) HIV-1-infected patient plasma samples against the primary HIV-1 strains HIV-1CH40 (subtype B, tier 2), HIV-1ZM249

(subtype C, tier 2), and HIV-1TRJO (subtype B, tier 3) are shown. Virus stocks were grown in 293T cells. Median values are represented by a horizontal line. (B)
Neutralization titers of five HIV-2-infected patient plasma samples (7312Apl2003, SLRHCpl1995, 10849pl1995, 8704Apl2007, and 7810Apl1993) against 17
p7/SNAG-HIV2env chimeric viruses.
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responding plasma samples (Fig. 2), indicating that the high-titer
neutralizing responses in plasma were mediated by IgG. Control
IgGs purified from healthy human plasma (donors B, D, and J) did
not neutralize HIV-27312A.

Plasma from subjects with chronic HIV-2 infection exhibits
broad and potent neutralization against HIV-2 propagated in
primary human lymphocytes and tested in primary human
CD4� T target cells or TZM-bl target cells. Because of the unan-
ticipated breadth and potency of HIV-2 NAbs that we observed in
the TZM-bl assay, we tested a subset of the HIV-2-infected patient
plasma samples for which we had larger volumes in a human
CD4� T-cell multiple-infection-cycle assay. This was done using
viruses (HIV-27312A and HIV-2ST) grown in activated CD4� hu-
man T cells. Figure 3A shows potent neutralization by all four
HIV-2-infected patient plasma samples (7312Apl2003, SLRH-
Cpl1995, 10849pl1995, and 8704Apl2007). The median and range
(in parentheses) of reciprocal IC50s against HIV-27312A and HIV-
2ST were 1.5 � 104 (7.4 � 104 to 2.5 � 105) and 3.4 � 103 (9.7 �
102 to 1.4 � 104), respectively.

Next we compared the neutralizing susceptibilities of viruses
grown in 293T cells versus activated human CD4� T cells in the
TZM-bl assay. Figure 3B shows that all five HIV-2-infected patient
plasma samples (7312Apl2003, SLRHCpl1995, 10849pl1995,
8704Apl2007, and 7810Apl1993) potently neutralized viruses
produced in different cell types. The median and range (in paren-
theses) of reciprocal IC50s against 293T-grown HIV-27312A and
HIV-2ST were 2.7 � 104 (1.1 � 104 to 1.8 � 105) and 4.9 � 104

(2.4 � 104 to 3.7 � 105), respectively, whereas the median and
range of reciprocal IC50 against activated CD4� T-cell-grown
HIV-27312A and HIV-2ST were 9.0 � 103 (2.5 � 103 to 5.4 � 104)
and 1.5 � 104 (7.4 � 103 to 1.4 � 105), respectively.

A statistical analysis of the results from different assays is

shown in Fig. 3C. High-titer neutralization (reciprocal IC50 �
103) was observed in all assay formats. Viruses generated in acti-
vated human CD4� T cells were modestly less sensitive than vi-
ruses generated in 293T cells when tested in TZM-bl cells (P �
0.05, one-tailed paired t test), which is consistent with previous
reports on HIV-1 neutralization (34). Viruses grown in human
CD4� T cells and assayed in human CD4� T cells were least sen-
sitive to antibody neutralization, but even here, the median recip-
rocal IC50 was greater than 103 for all four HIV-2-infected patient
plasma samples that were tested.

Autologous and heterologous neutralization of HIV-2 Envs
generated by single-genome amplification. A recent innovation
to identify, clone, and characterize HIV-1 env genes and full-
length genomes that most closely approximate those viral se-
quences that exist in vivo utilizes single-genome amplification
(SGA) and direct amplicon sequencing, followed by molecular
cloning (27, 49). This approach avoids potential artifacts of in
vitro Taq polymerase-mediated recombination, Taq-mediated
base substitution errors in finished sequences, and founder effects
resulting from biases in molecular cloning (27, 36, 48, 49, 53, 55).
Because of the low plasma viral load and limited volumes of
plasma from most HIV-2-infected patients, we focused on
four plasma samples for SGA and neutralization analyses:
7312Apl1992 and 7312Apl2003 were collected from patient
7312A in 1992 and 2003, respectively, and 8704Apl2006 and
8704Apl2007 were collected from subject 8704A in 2006 and 2007,
respectively. Fifteen env genes were amplified by SGA from the
7312Apl1992 sample, and 11 env genes were amplified from the
7312Apl2003 sample. The maximum nucleotide diversities
were 2.46% among 7312Apl1992 env genes, 4.43% among
7312Apl2003 env genes, and 6.16% among genes from the two
time points (Fig. 4A). Five genetically diverse env genes from each
time point were cloned into the pcDNA3.1 vector and expressed
and pseudotyped onto pJK7312A�Env, as described in Materials
and Methods. As shown in Fig. 4B, all clones were highly sensitive
to neutralization by autologous plasma samples 7312Apl1992 and
7312Apl2003 in the TZM-bl single-round entry assay. No neutral-
ization escape mutants from the concurrent or later time points
were observed. The median and range (in parentheses) of recip-
rocal IC50 neutralization titers of 7312Apl1992 and 7312Apl2003
were 3.3 � 104 (1.3 � 104 to 9.7 � 104) and 6.4 � 104 (2.9 � 104

to 1.7 � 105), respectively. The neutralization titers of
7312Apl2003 were significantly higher than those of 7312Apl1992
(P � 0.0002, one-tailed paired t test).

Seventeen env genes were amplified by SGA from
8704Apl2006. As shown in Fig. 4C, they were clustered within
HIV-2 group B reference sequences. The maximum diversity of
8704Apl2006 env genes was 2.45%. Four env genes were cloned
and tested for autologous neutralization. Clone 8704A-06-16 was
potently neutralized by 8704Apl2006 and 8704Apl2007, with re-
ciprocal IC50s of 1.9 � 105 and 2.7 � 105, respectively. The other
three clones, 8704A-06-01, 8704A-06-06, and 8704A-06-23, were
1,000-fold more resistant.

We next tested the neutralization sensitivity of the
7312Apl1992, 7312Apl2003, and 8704Apl2006 variants to heter-
ologous plasma samples. All 7312A variants and 8704A-06-16
were highly sensitive, with reciprocal IC50s ranging from 9.1 � 103

to 1.5 � 107. Variant 8704A-06-16 was potently neutralized by all
three heterologous plasma samples tested, with reciprocal IC50s
ranging from 4.1 � 103 to 2.9 � 105, whereas other 8704A variants

FIG 2 IgG-mediated neutralization of HIV-2. Neutralization of 293T-grown
HIV-27312A by plasma from HIV-2-infected patients 7312Apl2003, SLRH-
Cpl1995, and 10849pl1995 and healthy donors B, D, and J. IgG purified from
these plasma samples are indicated 7312A IgG, SLRHC IgG, 10849 IgG, Donor
B IgG, Donor D IgG, and Donor J IgG in the TZM-bl assay. Purified IgG was
reconstituted in buffer having the same volume as the original plasma, and
similarity in IgG concentrations was confirmed. Error bars represent three
independent experiments. Dashed line indicates 50% reduction in virus
infectivity.
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were 1,000-fold more resistant (Fig. 4E and F). Thus, three of four
8704A variants were like four viral variants from subjects SLRH,
226711, and A2240 (Fig. 1B) in showing resistance to NAbs.

Antibodies directed at the HIV-2 MPER are not responsible
for broad and potent neutralization. The MPER in most HIV-2
Env glycoproteins is highly conserved, such that the HIV-1-
elicited 4E10 neutralizing MAb, which neutralizes nearly all
strains of HIV-1, also neutralizes many strains of HIV-2 (Table 1).
Antibodies that bind the HIV-2 MPER peptide were detected in
sera from multiple HIV-2-infected subjects (J. E. Robinson, un-
published data), but whether these antibodies were responsible for
the neutralization observed in this study was unknown. We tested
this by creating an HIV-1 gp160 Env backbone replaced by an

HIV-2 MPER. This chimera is analogous to a reciprocal chimera
that we previously developed and used to probe HIV-1-infected
patient plasma samples for epitope-specific neutralization (3, 11,
12, 23, 24). For the current study, we used the HIV-1BG1168.1 gp160
backbone and replaced it with the HIV-2ST MPER sequence (Fig.
5A). As a control to demonstrate retained antigenicity and sensi-
tivity to neutralization of the HIV-2 MPER, we tested the broadly
reactive NAbs 4E10 and 2F5 against wild-type HIV-1, wild-type
HIV-2, and the HIV-1/HIV-2 MPER chimera. As expected, the
chimera BG1168.1-C1 and HIV-2ST were similarly sensitive to
4E10 but resistant to 2F5, whereas HIV-1BG1168.1 was sensitive to
both 4E10 and 2F5 (Fig. 5B). We then assessed the neutralizing
activities of 53 serum samples from HIV-2-infected patients

FIG 3 Comparison of HIV-2 neutralization titrations using different assay formats. (A) Neutralization of human CD4� lymphocyte-grown HIV-27312A and
HIV-2ST stocks by four HIV-2-infected patient plasma samples in the human CD4� T-cell multicycle infectivity assay. (B) Neutralization of human CD4�

T-cell-grown versus 293T-cell-grown HIV-27312A and HIV-2ST by five HIV-2-infected patient plasma samples in the TZM-bl assay. (C) Summary analysis of
reciprocal IC50 neutralization shown in panels A and B. One-tailed paired t tests were performed, and P values are shown. Error bars were generated on the basis
of at least three independent experiments. Dashed line indicates 50% reduction in virus infectivity.
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FIG 4 Autologous and heterologous neutralization of single-genome amplification (SGA)-derived HIV-2 Env-pseudotyped virus. (A) Neighbor-joining tree of HIV-2
gp160 env gene sequences amplified from 7312Apl1992 (blue) and 7312Apl2003 (red) by SGA. HIV-2 group A (HIV-27312A, HIV-2ST, HIV-2BEN, and HIV-2ROD) and
group B (HIV-2D205 and HIV-2UC1) reference sequences are included. The env genes tested for neutralization in panel B are labeled with asterisks. (B) 7312A-92 and
7312A-03 Envs were used to pseudotype the env-minus HIV-27312A backbone pJK7312A�Env in 293T cells. Autologous neutralization by plasma samples 7312Apl1992
(top) and 7312Apl2003 (bottom) in the TZM-bl assay is shown. (C) Neighbor-joining tree of HIV-2 gp160 env gene sequences amplified from 8704Apl2006 by SGA
(orange). The env genes tested for neutralization in panel D are labeled with asterisks. (D) 8704A-06 Envs were used to pseudotype the env-minus HIV-27312A backbone
pJK7312A�Env in 293T cells. Autologous neutralization by plasma samples 8704Apl2006 (top) and 8704Apl2007 (bottom) in the TZM-bl assay is shown. (E) Reciprocal
IC50 of autologous plasma (7312Apl1992 and 7312Apl2003) and heterologous plasma (SLRHCpl1995, 10849pl1995, and 8704Apl2007) against 7312A-92 variants and
7312A-03 variants. (F) Reciprocal IC50 of autologous plasma (8704Apl2006 and 8704Apl2007) and heterologous plasma (7312Apl2003, SLRHCpl1995, and
10849pl1995) against 8704A-06 variants. Error bars reflect data from at least three independent experiments.
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against the chimeric virus BG1168.1-C1. As shown in Fig. 5C, only
1 out of 53 serum samples showed evidence of neutralization, and
then only at a relatively low IC50 titer (1:252) compared with the
titer of this sample against primary strain HIV-2ST (IC50 �
1:100,000). As a control, all 53 serum samples potently neutralized
HIV-2ST with an average IC50 of 1:24,299 (Fig. 1A and Fig. 5C),
and none of them neutralized HIV-1BG1168.1. This result strongly
suggested that anti-MPER antibodies were not responsible for any
of the broad and potent neutralizing responses in HIV-2 infection.
Further evidence in support of this conclusion was the fact that
HIV-2 MPER peptides could not adsorb neutralizing activity from
HIV-2-infected patient plasma samples (Robinson, unpublished).

Epitopes involving V3, V4, CD4bs, CD4i, and MPER are ac-
cessible to neutralizing monoclonal antibodies on functional
Env trimers of most primary HIV-2 strains. To investigate what
epitopes on the HIV-2 envelope glycoprotein might be targeted by
HIV-2 NAbs in patient sera, we assessed the neutralization activ-
ities of human MAbs directed against the HIV-2 V3 (6.10F), V4
(1.7A), CD4bs (6.10B), CD4-inducible (CD4i) (1.4H), and MPER
(4E10) epitopes (Table 1). Except for 4E10, which was obtained
from an HIV-1-infected subject, these MAbs were obtained from
Epstein-Barr virus-transformed B lymphocytes from subjects
with HIV-2 infection (43; Kong et al., submitted). The binding
epitopes or regions of these MAbs on the HIV-2 Env glycoprotein
have been defined by peptide binding, site-directed mutagenesis,
and antibody competition (8; Kong et al., submitted). The MAb
1.4H is defined as a CD4i antibody since its binding to monomeric
HIV-2 gp120 is enhanced by preincubation of Env with sCD4
(Robinson, unpublished). However, 1.4H is not believed to rec-
ognize coreceptor binding surface epitopes since this region on
the HIV-2 strains studied here (7312A, ST, and UC1) was previ-
ously shown to be inaccessible to binding by prototypic CD4i
MAbs 17b, 21c, and 19e prior to Env engagement by sCD4 (13).
All five MAbs— 6.10F, 1.7A, 6.10B, 1.4H, and 4E10 —potently

neutralized HIV-2 Envs cloned from most infected subjects with
IC50s of less than 0.1 �g/ml in most cases. Only Env clones from
subjects 8704A and A2240 showed panresistance to all four MAbs.
HIV-27312A Envs generated by SGA showed neutralizing sensitiv-
ities comparable to those of HIV-27312A Envs generated from
PBMC proviral DNA through conventional amplification and
cloning approaches. These results indicate that epitopes on V3,
V4, CD4bs, and MPER on most HIV-2 strains were present and
accessible to antibody neutralization and could potentially con-
tribute to the potent and broadly reactive neutralizing responses
observed with HIV-2-infected patient plasma samples.

Antibodies in HIV-2-infected patient serum compete with
MAbs 1.7A (V4), 6.10F (V3), and 6.10B (CD4bs) for binding
HIV-2 gp120 Env glycoprotein. Given that multiple epitope re-
gions on HIV-2 Env trimers were accessible to neutralizing MAbs,
we analyzed the panel of 54 HIV-2-infected patient serum samples
for their ability to compete for MAb binding to the HIV-2 gp120.
When tested for binding to the HIV-2ST gp120 glycoprotein, 53,
50, and 51 out of 54 total serum samples competed strongly with
MAbs 1.7A, 6.10F, and 6.10B, respectively. The serum dilutions
giving half-maximum effective competition (reciprocal EC50) are
shown in Fig. 6 and Table S1 in the supplemental material. The
median and range (in parentheses) of reciprocal EC50s against
1.7A, 6.10F, and 6.10B were 3,318 (148 to 25,767), 583 (78 to
5,209), and 212 (63 to 867), respectively. Comparable results were
observed with the HIV-2MVP15132 gp120 glycoprotein, where 44
out of 51 serum samples competed effectively with 1.7A with a
median and range (in parentheses) reciprocal EC50 of 1,707 (70 to
29,551) (Fig. 6D). There was a significant positive correlation be-
tween virus neutralization titers and MAb binding inhibition ti-
ters for MAb 1.7A against HIV-2ST Env (r � 0.6613, P � 0.0001)
and HIV-2MVP15132 Env (r � 0.4779, P � 0.0009), for MAb 6.10F
against HIV-2ST Env (r � 0.5805, P � 0.0001), and for MAb 6.10B
against HIV-2ST Env (r � 0.3809, P � 0.0058). These results sug-

FIG 5 Absence of MPER neutralizing antibodies in serum from HIV-2-infected patients. (A) Construction of the HIV-1/HIV-2 chimeric virus BG1168.1-C1
containing the complete MPER from HIV-2ST. (B) Neutralization of HIV-1BG1168.1, HIV-2ST, and BG1168.1-C1 by anti-MPER antibodies 4E10 and 2F5. (C)
Neutralization of HIV-1BG1168.1, HIV-2ST, and BG1168.1-C1 by 53 HIV-2-infected patient serum samples. Positive neutralization was defined as a reciprocal IC50

of at least 100. One HIV-2-infected serum sample was positive for neutralization of the BG1168.1-C1 chimera with a reciprocal IC50 titer of 252. The median
reciprocal IC50 titer of the 53 serum specimens against HIV-2ST was 2.8 � 104.
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gested that NAbs targeting all three epitope regions are associated
with the potency and breadth of the neutralizing responses ob-
served in HIV-2-infected patient plasma.

DISCUSSION

The present study investigated the potency and breadth of neu-
tralizing antibody responses in natural HIV-2 infection and gen-
erated findings that significantly extend what has previously been
reported (4, 45, 52, 56, 59). Surprisingly, we observed in 64 chron-
ically infected subjects median reciprocal NAb titers of 1.7 � 105,
2.8 � 104, and 3.3 � 104 against three different primary HIV-2
strains (HIV-27312A, HIV-2ST, and HIV-2UC1, respectively) with a
range of 8.1 � 102 to 1 � 106 when measured in the TZM-bl
single-cycle virus entry assay (Fig. 1A). In the same assay, we tested
plasma from 10 subjects chronically infected with HIV-1 for NAbs
against three primary HIV-1 strains and observed the expected
low titers of broadly reactive NAbs (reciprocal IC50 � 102). Previ-
ously, we and others have used the same TZM-bl assay to measure
HIV-1 neutralization by plasma antibodies from hundreds of
HIV-1-infected subjects (3, 21, 51, 58). Only a small fraction
(�5%) exhibited reciprocal IC50 titers approaching 103 against a
majority of genetically diverse tier 2 and tier 3 virus strains. Thus,
the titer and breadth of HIV-2 neutralization described here far
exceed, by orders of magnitude, what has been observed for
HIV-1. They also exceed what has generally been reported for
HIV-2 neutralization (4, 45, 52, 56, 59). The explanation for the
latter differences likely involves differences in assay methods and
design. Previous studies of HIV-2 neutralization commonly ana-
lyzed uncloned virus isolates and employed plaque reduction,
syncytium inhibition, impairment in cell-to-cell virus propaga-
tion, reduction in proviral integration, and diverse cell targets as
endpoints to assess virus neutralization (2, 4, 52, 56, 59). Given the

enhanced sensitivity and reproducibility that recombinant-based
single-cycle virus entry assays have brought to the analysis of
HIV-1 neutralization (42, 51, 58), it is not surprising that findings
made in the present study could differ from those of previous
studies based on very different methodologies.

One prior study of HIV-2 neutralization that was more closely
aligned with the present work was that by Rodriguez et al.
(45). That study involved a single-cycle viral entry analysis on
U87 cells but was different from the present study in that an
env-minus HIV-1 pNL4-3.Luc backbone was pseudotyped with
HIV-2 Envs that were in turn expressed from bulk-amplified
HIV-2 env genes. This approach can result in Env heterotrimers
derived from divergent or recombinant env genes where individ-
ual gp120 protomers having different primary amino acid se-
quences are mixed. This approach can also result in env gene prod-
ucts that contain in vitro-generated artificial recombinants and
Taq polymerase nucleotide misincorporation errors (27, 48). In
addition, pseudovirions with HIV-2 Envs paired with HIV-1 Gag
and other HIV-1 virion components could have unpredictable
effects on virus entry and neutralization. With these caveats, the
study of Rodriguez et al. found expanded HIV-2 NAb breadth but
titers of HIV-2 NAbs 1 to 4 orders of magnitude less than our
results (45). Interestingly, Barnett and colleagues reported in an
earlier study neutralization titers of 1:7,000 against HIV-2UC1 by
heterologous patient plasma samples (1). Recently, using assay
methods very similar to those in our study, de Silva and colleagues
observed autologous and heterologous HIV-2 neutralization of
primary HIV-2 strains by plasma from patients chronically in-
fected by HIV-2 that is virtually indistinguishable in magnitude
and breadth from our findings (16a). Thus, we conclude that
when comparable assay methods are employed, the magnitude
and breadth of HIV-2 NAbs far exceed those of HIV-1 NAbs from

FIG 6 Correlation between serum neutralization titers and MAb competition titers. (A) x axis, reciprocal serum dilutions yielding 50% inhibition of 1.7A
binding to HIV-2ST gp120 (reciprocal EC50); y axis, virus neutralization titers (reciprocal IC50) of serum against HIV-2ST in the TZM-bl assay. Pearson
correlation and linear regression analyses were performed. The correlation coefficient r, P value, and linear regression line are shown. Similar analyses are
depicted for MAb 6.10F (B) and 6.10B (C) binding to HIV-2ST gp120 and 1.7A binding to HIV-2MVP15132 gp120 (D).
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chronically infected humans, and such antibodies can be effi-
ciently and reproducibly assayed.

Because of the remarkable breadth and potency of HIV-2 neu-
tralization that was observed, we performed an extensive set of
controls to ensure that neutralization was mediated by IgG anti-
body interacting with the HIV-2 Env and not some other surface
molecule, that antibody neutralization was not confounded by
surreptitious treatment with antiretroviral drugs or by the pres-
ence of chemokines or other entry inhibitors, and that no nonspe-
cific inhibitory effect was present. To accomplish this, we first
determined if virus entry inhibition specifically required virion-
associated HIV-2 Env. Viruses pseudotyped with VSV, MuLV, or
HIV-1 Env were infectious but were not neutralized by plasma
from HIV-2-infected subjects that potently neutralized virions
with HIV-2 Env. Second, we demonstrated that IgG purified from
HIV-2-infected patient plasma, but not from uninfected control
subjects, inhibited virus entry at the same concentrations as those
found in plasma and that plasma-mediated inhibition could be
completely accounted for by its IgG content. Third, we showed
that broad and potent HIV-2 neutralization was not dependent on
the cell source of virus or on the target cells used to assay virus
entry inhibition. NAb titers were only moderately higher (P �
0.05, one-tailed paired t test; Fig. 3C) when virus was produced in
293T cells and tested on TZM-bl cells than when viruses were
produced in activated primary human T cells and tested for entry
inhibition on the same cells, consistent with previous findings
with HIV-1 (34). Thus, we conclude that potent, broadly reactive
HIV-2 IgG NAbs are a feature of HIV-2 infection and that these
antibodies can be efficiently and reproducibly measured in the
TZM-bl assay and the results corroborated in assays where virus is
grown and tested on primary human CD4� T cells.

We explored what molecular targets on the HIV-2 Env trimers
might be recognized by broadly reactive antibodies in human
plasma. We analyzed 32 different HIV-2 strains for neutralization
sensitivity to the human MAbs 6.10F, 1.7A, 6.10B, 1.4H, and 4E10.
Aside from the MPER-reactive MAb 4E10, whose binding speci-
ficity is precisely known (6, 65), the epitope specificities of the
HIV-2-infected patient-derived MAbs are only partially known
since antibody-protein crystal structures are not available. How-
ever, deletion mutation, site-directed mutation, and binding
cross-competition studies have mapped 6.10F binding to V3, 1.7A
binding to V4 and the base of V3, 6.10B binding to the CD4 bind-
ing site, and 1.4H binding to an unknown site inducible by sCD4
and competing for binding with 6.10B (8, 43; Kong et al., submit-
ted). Each of these MAbs showed potent reactivity against most,
but not all, HIV-2 Envs with IC50s frequently of 0.1 �g/ml or less
(Table 1). Therefore, these epitopes are clearly accessible to anti-
body neutralization on the majority of HIV-2 Envs, including
Envs derived by SGA from circulating plasma virions. It thus
seems likely that these epitopes could contribute to the broad and
potent neutralization observed with HIV-2-infected patient
plasma. Evidence in support of this came from competition stud-
ies, where it was found that most patient sera competed with
MAbs 6.10F, 1.7A, and 6.10B for binding to the HIV-2 gp120
glycoprotein. Importantly, competition titers correlated signifi-
cantly with neutralization titers (Fig. 6). These results suggested
that polyclonal antibodies targeting V3, V4, and CD4bs were elic-
ited in most HIV-2-infected subjects and that these antibodies
were likely to have contributed to neutralization of the primary
virus strains. Conversely, antibodies targeting HIV-2 MPER did

not appear to contribute appreciably to neutralization breadth or
potency, since 52 of 53 HIV-2-infected patient serum samples did
not neutralize an HIV-1 chimera into which we substituted the
complete HIV-2 MPER (Fig. 5).

Initially, we tested the neutralization activity of plasma or sera
from 64 HIV-2-infected patients against 20 HIV-2 group A and B
viruses, Env chimeras, or Env pseudoviruses. These samples con-
tained antibodies that neutralized all but 4 viruses (SLRH8,
226711-33, A2240-3, A2240-12). The latter viruses were also gen-
erally resistant to most neutralizing HIV-2 MAbs specific for V3,
V4, CD4bs, and CD4i epitopes. The exceptions were SLHR8 and
226711-33, which were resistant to neutralization by antibodies in
patient plasma (Fig. 1B) but were sensitive to neutralization by a
subset of MAbs (Table 1). HIV-2-related viruses that exhibit a
pan-neutralization-resistant phenotype include the SIVmac251
isolate and the SIVmac239 clone derived from it, but the observa-
tion that the vast majority of HIV-2 strains and Envs were actually
highly sensitive to neutralization by both polyclonal and mono-
clonal human antibodies came as a surprise. To be certain that this
was not due to short-term in vitro cultivation of these viruses prior
to molecular cloning, we utilized recently described methods for
single-genome amplification of viral sequences directly from
plasma virions (27, 28) to more fully analyze env genomes and
their expressed Env glycoproteins. These data are depicted for two
subjects, 7312A and 8704A, in Fig. 4A and B and Table 1. What is
evident is that all 10 7312A SGA-derived env genes derived from
plasma specimens separated in time by 11 years are nearly indis-
tinguishable in their exquisite sensitivity to autologous neutraliza-
tion by contemporaneous, previous, or subsequent antibodies
and to heterologous antibodies (Fig. 4E). These SGA-derived
7312A Envs were also nearly indistinguishable from lambda
phage-derived 7312A Envs in their exquisite neutralization sensi-
tivity to the panel of V4, V3, CD4bs, and CD4i MAbs (Table 1).
SGA-derived Envs from subject 8704A (Fig. 4C) revealed a more
complicated result: one clone (8704A-06-16) was exquisitely sen-
sitive to autologous and heterologous patient antibodies (Fig. 4D
and F) but not to MAbs (Table 1), whereas three other 8704A Env
clones were resistant to polyclonal and monoclonal antibodies.
SGA-derived HIV-2 Envs from 7312A and 8704A thus exhibit the
broad range of neutralization sensitivities observed in the larger
set of HIV-2 clones in the present study, and they confirm that
such viral Envs exist in vivo. Of interest, we did not identify HIV-2
Envs that exhibited intermediate levels of neutralization sensitiv-
ity comparable to those of HIV-1 tier 2 strains (51). We do not
have a mechanistic explanation for this dichotomy in neutraliza-
tion sensitivities.

In light of the unexpected neutralization sensitivity of HIV-2
strains to antibodies elicited in chronically infected patients, we
asked what molecular features of the HIV-2 Env might contribute
to its enhanced antibody accessibility and sensitivity. Compara-
tive analysis of Env sequences between many strains of HIV-1 and
HIV-2 revealed a significantly higher number of potential V4 gly-
cosylation sites for a diverse set of HIV-1 strains (mean � 4.34;
median � 4; range � 2 to 7) compared to the panel of HIV-2
strains used in this study (mean � 2.48; median � 2; range � 2 to
3; P � 0.0001, Mann-Whitney test) (Fig. 7). Such a reduction in
glycosylation in HIV-2 could conceivably serve to open the glycan
shield surrounding V4, allowing better antibody access and neu-
tralization. This is in agreement with previous studies in HIV-1,
which showed that insertion of an epitope for a FLAG antibody
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into V4 resulted in potent virus neutralization by that antibody
(41). Thus, with respect to V4-directed antibodies (1.7A and poly-
clonal NAbs in human plasma that compete with it for gp120
binding), HIV-2 appeared to have reduced glycan shielding. For
V3 (6.10F), CD4bs (6.10B), and CD4i (1.4H) antibodies, HIV-2
neutralization sensitivities were similar to those of laboratory-
adapted HIV-1 strains but very different from those of primary
HIV-1 strains (Fig. 8). Different envelope conformations are re-
quired for recognition by these antibodies: CD4i antibodies rec-

ognize the CD4-bound conformation of HIV-1 gp120 with the
bridging sheet assembled (32), CD4bs antibodies generally recog-
nize the region under the bridging sheet (7), and V3 antibodies
recognize any of a number of conformations in which the shield-
ing V2 region is altered to expose the V3 loop (47). The potent
neutralization of HIV-2 by V3 (6.10F), CD4bs (6.10B), and CD4i
(1.4H) antibodies (Table 1) indicates that all these antibodies rec-
ognize the HIV-2 Env efficiently in its pre-CD4-bound state, sug-
gesting that HIV-2 gp120 can more readily adopt a number of
different conformations, similar to lab-adapted strains of HIV-1
but unlike primary strains of HIV-1. Consistent with this inter-
pretation is the observation that the IC50s for sCD4 for HIV-27312A

(9 nM), HIV-2UC1 (3 nM), and HIV-2ST (25 nM) (13) are all well
below the mean and median values (both greater than 100 nM) for
a large number of HIV-1 transmitted/founder and chronic Envs
(27). The mechanism of immune evasion by HIV-1 that is related
to fixation of the glycoprotein in a particular conformation—
conformational masking (30)—thus distinguishes primary strains
of HIV-1 from primary strains of HIV-2. Primary HIV-2 strains
thus appear to have two mechanisms of immune evasion that are
diminished in effectiveness relative to primary HIV-1 strains: gly-
can shielding (for V4-reactive antibodies) and conformational
masking (for V3-, CD4bs-, and CD4i-reactive antibodies) (Fig. 8).

Finally, given the extraordinary breadth and potency of NAbs
observed in the 64 chronically infected subjects that we studied,
we asked if NAb titers against any of the three HIV-2 virus strains
(HIV-27312A, HIV-2ST, and HIV-2UC1) might correlate with either
viral load or CD4 count. We found no significant associations

FIG 7 Potential N-linked glycosylation sites in the V4 loops of HIV-1 and
HIV-2 strains. Mean values are shown as dashed lines. For HIV-1, the mean
was 4.34, the median was 4, and the range was 2 to 7. For HIV-2, the mean was
2.48, the median was 2, and the range was 2 to 3. The HIV-1 V4 sequences
exhibited a significantly higher level of glycosylation than the HIV-2 V4 se-
quences (P � 0.0001, Mann-Whitney test).

FIG 8 Structural models and relative neutralization sensitivities of primary and laboratory-adapted strains of HIV-1 compared with primary HIV-2 strains.
Structural models of gp120s from HIV-2 primary (7312A), HIV-1 primary (YU2), and HIV-1 laboratory-adapted (HXBc2) strains are shown with modeled
glycans and epitopes for V3, V4, CD4bs, and CD4i highlighted. Neutralization potencies of V3, V4, CD4bs, and CD4i antibodies are estimated schematically, with
full bars corresponding to highly potent neutralization, medium bars to moderate neutralization, and small bars to very weak or nonneutralizing phenotypes.
V4-directed antibodies are rarely observed in natural HIV-1 infection, but placement of antigenic tags into the V4 region reveals that antibodies directed here can
neutralize HIV-1 potently (41). For V3-, CD4bs-, and CD4i-directed antibodies, epitopes are generally hidden on the assembled HIV-1 viral spike of primary
HIV-1 strains by conformational masking. The increased flexibility of laboratory-adapted HIV-1 isolates allows exposure of these epitopes, which resembles the
neutralization sensitivities observed with HIV-2 (Table 1).
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(Table 2). Since this was a retrospective, cross-sectional study and
not designed or powered to determine if there is a relationship
between NAb responses and viral natural history and clinical out-
come, little weight can be placed on such a negative result. We did,
however, note that NAb titers in this study were generally very
high (medians, 104 to 105), the HIV-2 vRNA loads were low (me-
dian, 121 vRNA copies/ml), and the CD4 counts were high (me-
dian, 482 cells/mm3) (see Table S1 in the supplemental material).
It is possible that HIV-2 NAbs could exert a generally suppressive
effect on virus replication that in concert with other elements of
the immune system constrains virus replication and pathogenesis
(16), but how such neutralization-sensitive HIV-2 strains could
replicate and persist for years in chronically infected individuals in
the face of potent, broadly reactive NAbs is a puzzle. Cell-to-cell
virus transmission is a potential explanation (54).
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